The solubility of CO 2 in aqueous potassium taurate solutions was measured at 298 and 313 K. Crystallization of the protonated amine (one of the reaction products) was observed during the absorption of CO 2 in concentrated amino acid salt solutions. The influence of crystallization on the equilibrium CO 2 absorption capacity of the amino acid salt solution was investigated. The difference in the thermodynamic characteristics of the aqueous amino acid salt solution and aqueous alkanolamines is discussed using the Deshmukh-Mather model (Deshmukh, R. D.; Mather, A. E. Chem. Eng. Sci. 1981, 36, 355). Because of a limited change in the ionic strength of the solution in the range of the measured CO 2 loading, a simplified model similar to the one proposed by Kent and Eisenberg (Kent, R.; Eisenberg, B. Hydrocarbon Process. 1976, 55, 87) is used to interpret the solubility data. In addition, the equilibrium constant of the carbamate hydrolysis reaction was experimentally measured for monoethanolamine and the potassium salt of taurine at 298 K.
Introduction
Removal of acid gases, such as CO 2 and H 2 S, by absorption in reactive solvents is a vital mass-transfer operation in a number of industrial activities, including the processing of natural gas or refinery gas and the production of gas via coal gasification. Because of the increasingly stringent environmental regulations, absorption in reactive solvents is also used from the removal of CO 2 from effluent gas streams such as flue gases from power generation plants. The widely used chemical solvents in the bulk or selective removal of CO 2 are aqueous alkanolamine solutions and amine-promoted alkaline salt solutions. 1 Some of the practical problems associated with alkanolamines in acid-gas-treating processes are their high volatility (especially for primary amines such as monoethanolamine), leading to vaporization losses in the stripper and their degradation in COS-or oxygen-containing gas streams. Aqueous alkaline salt solutions of amino acids can provide a possible alternative for aqueous alkanolamines. The amino acids have primarily been used in the past in minor quantities as "rate promoters" in conventional gas-treating processes such as the hot carbonate process. However, a few commercial processes (such as Alkacid M and Alkacid dik from BASF) have used amino acid salt solutions exclusively for the selective removal of acid gases. The ionic nature of these liquids offers many advantages over alkanolamines such as negligible volatility (and, consequently, negligible loss of solvent in the stripper); better resistance to degradation, especially in oxygen-rich atmospheres; and low viscosity (resulting in a lower pressure drop in solvent circulation). The surface tension of these liquids is comparable to that of water, which is of tremendous advantage for their use in some of the latest-generation gas-liquid contactors, such as membrane contactors. In membrane contactors, wetting of the microporous membranes by aqueous alkanolamines is a major technical bottleneck in their use for CO 2 removal. 2 Currently, there is renewed the interest in the use of amino acids for acid gas treatment, especially in removal of CO 2 from gas streams that also contain oxygen, such as flue gas.
The design of gas-liquid contactors for CO 2 removal using aqueous alkaline salts of amino acids requires information about the vapor-liquid equilibrium (VLE), among other properties, of the CO 2 -aqueous amino acid salt system. Unlike aqueous alkanolamine-CO 2 systems, for which large amounts of experimental VLE data are available in the literature, the published data on CO 2 -aqueous amino acid salt systems are scarce. Recently, Hook 3 made a qualitative study on the CO 2 absorption rates and capacities of the aqueous alkaline salts of some sterically and nonsterically hindered amino acids and found them to be comparable to the rates and capacities of aqueous alkanolamines of a similar class. A unique phenomenon associated with certain amino acids is the crystallization of a reaction product during CO 2 absorption, especially at high CO 2 loading (moles of CO 2 per mole of amino acid salt) and amino acid salt concentrations. 3, 4 Kumar et al. 4 gave a relationship between the critical CO 2 loading value at which crystallization of the reaction product occurred for potassium taurate solutions. However, the influence of such crystallization on the solubility of CO 2 in aqueous amino acid salt solutions is not known. Thus, a real need exists for experimental data on the equilibrium solubility of CO 2 in aqueous amino acid salt solutions to understand the behavior of these absorption liquids qualitatively as well as quantitatively. Fortu-nately, substantial knowledge accumulated from research into the development of rigorous VLE models for alkanolamines (or aqueous electrolytes in general) can be conveniently extended to CO 2 -aqueous amino acid salt systems.
The objective of the present work is to provide experimental solubility data for CO 2 in aqueous potassium salt solutions of taurine (2-aminoethansulfonic acid). The experimental measurements were performed for the range of partial pressures of CO 2 typically encountered in the treatment of flue gases (0.1-6.0 kPa) and for amino acid salt concentrations between 500 and 4000 mol m -3 at 298 K. A limited number of experimental data for 313 K are also presented. The influence of the crystallization of a reaction product on the equilibrium absorption capacity of the aqueous salt solutions was studied quantitatively. The extended Debye-Hü ckel model (Deshmukh-Mather model), which was found to be accurate and convenient in describing single acid gas-amine equilibria, is used to analyze the experimental VLE data. 5 Experimental data are also provided on the carbamate hydrolysis equilibrium constant (K carb ), which is usually an important fit parameter in VLE models of CO 2 -containing systems.
Theory
Amino acids are amphoteric electrolytes, i.e., they behave as both acids and bases because of the presence of at least one carboxyl or sulfonyl group and one amino group. Amino acids exist in water as zwitterions or dipolar ions (form II in reaction 1), with the amino group completely protonated. The zwitterion is considered to be electrically neutral, as the number of positive charges is equal to the number of negative charges. 6 In water and in the absence of other solutes, the pH of the solution is equal to the isoelectric point of the amino acid. In salt solutions or solutions containing ions other than those derived from amino acids, some of the ionizable groups of the ampholyte might be electrically neutralized by other ions present. The ionization equilibria of amino acids in aqueous solutions are described by Addition of a base to the zwitterionic amino acid solution removes a proton from the ammonium group, leaving the molecule with a net negative charge (anion, form III in reaction 1). It is the anion with a deprotonated amino group that can react with acid gases such as CO 2 and H 2 S. Amino acids are weak electrolytes, and there are atleast two dissociation constants corresponding to the dissociation equilibria of the two functional groups present in the amino acids. However, for the present study, the second acid dissociation constant (pK a ) is the only one of interest, and its values at various temperatures are available in the literature. 7 In the present work, the zwitterionic form of an amino acid in water is neutralized with a strong base, and the resulting aqueous amino acid salt solutions are used.
2.1. Chemical Reactions. The alkaline salts of amino acids, having a primary amino functional group, react with CO 2 similarly to primary amines, forming a water-soluble and relatively stable carbamate as described by reaction 2 8 Detailed information on the above reaction (including reaction kinetics) can be obtained elsewhere. [8] [9] [10] Already at moderately high amino acid salt conversions, the carbamates of amino acids undergo hydrolysis to a certain extent to form bicarbonate/carbonate (depending on the pH of the solution) and free amine (reaction 3)
The free amine can further react with CO 2 , resulting in actual CO 2 loadings that are much higher than the theoretical value of 0.5 mol of CO 2 per mole of amino acid salt, as would seem obvious from the stoichiometry of reaction 2. The other reactions that occur in the liquid phase along with the above two reactions are as follows:
Equilibrium Model.
The equilibrium constants associated with the above independent reactions (other than reaction 2) can be expressed thermodynamically in terms of the activities of the reacting species. Henceforth, the nonreacting part of the amino acid anion ( -O 3 S-R-) will be expressed as -R in structural formulas.
The concentrations in the above definitions of the equilibrium constants are in molal units. Because the liquid phase is an aqueous solution, the activity of
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water, a w , was set equal to its mole fraction. 5 The equilibrium constant for reaction 2, which was left out of the reaction scheme, can be expressed in terms of the equilibrium constants of reactions 3-5
The chemical reactions in the liquid phase are accompanied by the vapor-liquid equilibria of CO 2 and water. The equilibrium vapor pressure of CO 2 in the gas phase was related to the liquid-phase concentration using the experimental (physical) solubility data obtained in an earlier study, which were described using the model of Weisenberger and Schumpe 11 where Here, m CO2,w is the physical solubility of CO 2 in water; C s is the molar amino acid salt concentration; and K s is the Sechenov constant, which is defined in terms of ionspecific (h i ) and gas-specific (h G ) constants as
Here, z i is the charge number of the ion. The numerical values of the temperature-independent ion-specific constants were obtained from the work of Kumar et al., 12 and the value of temperature-dependent gas (CO 2 ) specific constant was obtained from the work of Weisenberger and Schumpe. 11 For water, the vapor-liquid equilibrium is given by
Because the amino acid salt present in the liquid phase is in ionic form, it was assumed to be nonvolatile. The gas-phase total pressure in the present work was approximately 100 kPa. Therefore, the nonideality in the gas phase was neglected. In addition to the above equations, the following mass conservation and charge balance equations were also used in the equilibrium model
The principle difference between the VLE models of aqueous alkanolamines and amino acid salts is mostly related to the charge of the ionic species present in the liquid phase. The following remarks apply for amino acid salt systems: (1) The deprotonated amino acid that reacts with CO 2 is an anion with a single negative charge. ( 2) The protonated amino acid is a zwitterion and was considered here to be electrically neutral, as for molecular species. (3) The concentration of the cation of the amino acid salt (K + ) is the same as the initial amino acid salt concentration ([ -RNH 2 ] 0 ). (4) The carbamate anion of the amino acid salt has a charge of -2.
The above remarks were incorporated into the model, yielding the following charge balance equation 2.3. Liquid-Phase Nonideality. The above set of equations can be solved by neglecting the nonideality in the liquid phase (i.e., by setting the values of the activity coefficients in all equilibrium relations to 1) and force fitting the thus-obtained simplified model to the experimental data. In this procedure, the equilibrium constants of reactions 3 (carbamate hydrolysis reaction; K carb ) and 4 (amine deprotonation reaction; K AmA ) are used as fit parameters. The equilibrium constants obtained in this way are apparent constants. This is also the basic approach of the equilibrium model proposed by Kent and Eisenberg, 13 which was found to fit very well for single alkanolamine-acid gas systems in the range of CO 2 loadings between 0.2 and 0.7 mol of CO 2 per mole of amine.
A number of semiempirical excess Gibbs free energy or activity coefficient models for aqueous electrolyte systems that are valid for ionic strengths representative of those found in industrial applications are available in the literature. These models basically account for the nonidealities in the liquid phase by taking into account various short-range and long-range interactions between different ionic and molecular species present in the solution. The most relevant models from the point of view of simplicity and thermodynamic soundness are those based on the extended Debye-Hü ckel theory 5 and the electrolyte-NRTL theory. 14, 15 For a single amineacid gas system, the Deshmukh-Mather model was found to be thermodynamically rigorous as well as simple from a computational point of view, 16 and therefore, it will be considered here. The model, which was proposed originally by Guggenheim, 17 uses the following equation for the activity coefficient of a solute species where the subscript i denotes the solute species of interest. This model takes into account the long-range electrostatic (first term of eq 21) and short-range van der Waals (second term of eq 21) forces. The long-range electrostatic forces are taken into account by the Debye-Hü ckel term, whereas the short-range forces are taken into account through the binary interactions (parameters, ij ) between different molecular and ionic solutes. The Debye-Hü ckel limiting slope, A, and the parameter B are related to the dielectric constant of the solvent (water) according to the following relations 18 Although the parameter a in eq 21 is an adjustable parameter with units of angstroms, a constant value of
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3 (as proposed by Guggenheim 17 ) was used in the present work for all ionic species. Any associated errors resulting from this assumption are automatically taken into account during fitting of the binary interaction parameters. The ionic strength of the solution, I, is defined as where z j is the charge number of the ion. The binary interaction parameters, ij , in eq 21 cannot be computed theoretically, and therefore, the values of these parameters need to be obtained by fitting the model to the experimental VLE data. For the present amino acid salt-CO 2 system comprising nine solute species in the liquid phase, the number of possible binary interactions is too large for a meaningful estimation to be made of them all. However, the following general rules were used to reduce the number of interaction parameters and they are described in detail by Weiland et al.: 16 (1) The interactions between ions of similar charge were neglected. (2) The interactions of all ionic and molecular species with water and its ionization products were neglected. (3) The interactions between CO 2 and other solute species were neglected. (4) All interactions with CO 3 2-were neglected. Basically, the last two assumptions are related to the very low concentrations of these species that occur in the liquid phase. By this procedure, the number of interactions (and interaction parameters, ij ) to be considered in the regression reduces to those between the following eight pairs of species:
The set of equations including the activity coefficient model was solved numerically using commercially available MATLAB software, in which the following objective function for minimization was used 16 where the superscripts exp and m denote experiment and model, respectively.
The initial guess values for the concentrations of the nine solute species in the liquid phase were obtained by setting all interaction parameters in eq 21 equal to 0 (the model then reduces to the Debye-Hü ckel expression). The equilibrium constants in eqs 9-12 were obtained from the literature and are shown in Table 1 .
In addition, the value used for the carbamate hydrolysis equilibrium constant, K carb (eq 8), was that determined experimentally in the present work (see section 4.1). Already at this stage, the calculated values of P CO2 were reasonably accurate. Some "bad" data points in the experimental data set (data for a single amino acid salt concentration) were eliminated using the methodology described in detail by Weiland et al. 16 This procedure involves the elimination of any data point for which the predicted vapor pressure of CO 2 deviates from the experimental value by more than a factor 2 from the data set. This approach avoided problems in the convergence of the fitting procedure in the subsequent step when the binary interaction parameters were taken into account in the expression for the activity coefficient. However, the present experimental data were obtained in a relatively narrow range of partial pressures of CO 2 (compared to the variation of 5-6 orders studied by Weiland et al. 16 ), and hence, the number of bad data points was insignificant. In the second step, the binary interaction parameters ( ij ) as well as the equilibrium constants K carb (depending on the availability of the experimental values) were used as fit parameters in the model, and the experimental data were regressed with the complete model to determine the above constants.
Experimental Section
3.1. Chemicals. The potassium salt solution of taurine was prepared by neutralizing the amino acid (Merck) dissolved in deionized water, with a slightly less than equimolar (known) quantity of potassium hydroxide (Merck) in a standard flask. The remaining amount of KOH was added precisely by potentiometrically titrating the solution with an aqueous KOH solution of known strength. The concentration of the aqueous amino acid salt (or deprotonated amino acid) solution prepared was cross-checked by titrating it with standard HCl solutions.
3.2. Experimental Setup and Procedure. The schematic diagram of the experimental setup is shown in Figure 1 . The principle part of the setup was a doublewalled (glass) reactor of approximately 1600 cm 3 volume. The reactor was provided with a high-intensity gas-inducing stirrer in the liquid phase and a propellertype impeller in the gas phase. Also, the reactor was equipped with a digital pressure transducer, a thermocouple, and a pH electrode. A continuous dilute CO 2 gas stream of known composition was prepared by mixing flows of pure CO 2 and N 2 at desired flow rates using mass flow controllers. Two double-walled (glass) watervapor saturators were used to saturate the N 2 and CO 2 gas streams separately before they were mixed to prepare the feed gas. Whereas the nitrogen stream was saturated with an amino acid salt solution identical to that used in the reactor, the CO 2 stream was saturated with water. The gas stream was fed to the reactor using a sintered stainless steel sparger located below the impeller of the liquid phase. The outlet gas stream from the reactor was led to a cold trap to condense all of the water vapor, and the concentration of CO 2 in the gas stream from the cold trap was subsequently analyzed using an infrared CO 2 analyzer. Before the experiment, the feed gas stream was passed through a two-way valve that was used to bypass the reactor to determine the concentration of CO 2 in the feed gas. The contents of the stirred reactor and vapor saturators were maintained at a constant temperature using a thermostatic 
water bath. The measurements of all of the instruments were recorded by a computer using a data acquisition system. In a typical experimental run, a known volume (∼500 mL) of the amino acid salt solution was charged into the reactor. It was stirred for 30 min to reach the desired absorption temperature. The mass flow controllers were adjusted to obtain the desired flow rates of N 2 and CO 2 . The concentration of CO 2 in the feed gas stream was measured in the gas analyzer by bypassing the stirred reactor (using the two-way valve). Subsequently, the gas stream was allowed to flow through the reactor, and the outlet gas stream CO 2 concentration was monitored in the IR gas analyzer. Equilibrium was attained when the outlet and feed gas stream CO 2 concentration were the same. Because dilute (<6.0 vol % CO 2 ) gas streams were used for absorption, very long times were generally required to reach equilibrium. Therefore, a known amount of pure CO 2 from a calibrated gas supply vessel was used to preload the amino acid salt solution before the above-described equilibrium experiments. This considerably reduced the experimental time. Because several (maximum of four to five) experiments were conducted in succession with the same solution (stepwise loading), the concentration of the amine in the reactor was checked by titration as described previously. The change in the amino acid salt concentration during one set of experiments (consisting of a maximum of four to five experiments) was within 2.5%. After equilibrium between the gas and liquid phase was attained in the reactor, a liquid sample of known volume was collected in a known volume of standard alkali (NaOH) solution. The pH of the loaded solution in the reactor was measured at the time of sampling. The sample was subsequently analyzed for CO 2 loading using an analytical method similar to the one described in detail by Blauwhoff et al. 21 All experiments were conducted at near-atmospheric pressure in the reactor and for two absorption temperatures, namely, 298 and 313 K. Crystallization was observed in the loaded solutions for potassium taurate concentrations of 2000 mol m -3 and above. In these situations, the clear, solid-free liquid present in the reactor was used for determining the liquid CO 2 loading.
3.3. Carbamate Hydrolysis. The carbamate hydrolysis equilibrium constant (K carb in eq 8) for the potassium salt of taurine was independently measured using an experimental technique identical to the one reported by Chan and Danckwerts. 22 A reaction mixture containing equimolar quantities of amine and potassium bicarbonate was prepared in a reaction flask and was allowed to equilibrate for 24 h in a thermostatic shaker at 298 K. After equilibration, the bicarbonate in the solution was precipitated as BaCO 3 by the addition of excess alkaline BaCl 2 . The reaction mixture was immediately filtered and washed with a known amount of deionized water. The filtrate was quickly titrated with a standard HCl solution. From the amount of HCl consumed in the titration, the carbamate hydrolysis equilibrium constant, K carb , was calculated using the procedure described in detail by Chan and Danckwerts. 22 The precipitation of the bicarbonate and subsequent filtration was done very fast to avoid a change in the equilibrium composition of the reaction mixture resulting from the removal of HCO 3 -. Therefore, only very low concentrations of the amino acid salt and bicarbonate (<300 mol m -3 ) were used in the reaction mixture. The experimental technique was initially standardized for monoethanolamine, for which a limited number of experimental data on K carb are available in the literature. The influence of the ionic strength on the carbamate hydrolysis constant of monoethanolamine was studied at 298 K by performing the above experiments in the presence of a known amount of an inert and strong electrolyte (KCl). For MEA, the experiments were conducted for two initially equimolar concentrations of the amine and bicarbonate in the reaction mixture, namely, 100 and 200 mol m -3 . 
Results and Discussion

Carbamate Hydrolysis Equilibrium Constant (K carb )
. K carb is one of the constants in the abovedescribed equilibrium model that is usually obtained by fitting the VLE model to the experimental equilibrium CO 2 solubility data. If K carb can be estimated independently for the experimental conditions of interest in the actual gas-treating processes (data at high ionic strength of the solution), the number of fit parameters in the VLE model can be reduced. In this way, the simple KentEisenberg equilibrium model for the primary and secondary amines can be used to quantitatively describe the vapor-liquid equilibria of a given CO 2 -amine system without any fit parameters. Information on the values of the other equilibrium constants, such as K AmA and K CO2 , can be obtained from the literature at different temperatures (see Table 1 ). In general, the sensitivity of the predicted CO 2 vapor pressure to the carbamate hydrolysis constant is at its maximum for liquid CO 2 loadings between 0.1 and 0.4 mol of CO 2 per mole of amino acid salt.
It has been shown for primary and secondary alkanolamines (but only with limited experimental data) that K carb has a more or less strong dependence on the ionic strength of the solution. 22 Information on the stability of the carbamates of amino acids (inversely proportional to K carb ) is scarce and very old, with no published data on K carb for taurine.
To begin, the influence of the ionic strength of the solution on K carb was studied for monoethanolamine at 298 K, as only a limited amount of experimental data for solutions of low ionic strength is available in the literature. Two different initial equimolar concentrations of amine and bicarbonate in the reaction mixture were used, along with different concentrations of KCl. The results for K carb are shown in Figure 2 as a function of the ionic strength of the reaction mixture. The constant K carb,m shown in the figure is based on molar concentration units and is defined as where the subscript m indicates that the concentrations are expressed in molar units.
The experimental results of Chan and Danckwerts 22 are also shown in Figure 2 . It should be noted that these authors also used Na 2 CO 3 along with the amine and bicarbonate in the initial reaction mixture. Although the range of amine and bicarbonate concentrations studied in the present work (with no KCl in the reaction mixture) is comparable to that used by Chan and Danckwerts, the ionic strengths of the solutions in their experiments were higher because of the presence of carbonate. The results shown in the Figure 2 indicate that K carb is strongly influenced by the ionic strength of the solution, and the results of Chan and Danckwerts fall in line with the present experimental results. For MEA solutions with high ionic strength such as usually encountered in industrial applications, the value of K carb could differ significantly from the experimental values reported for low ionic strengths. A linear regression of the experimental data obtained from the present work gave the following expression Using the above experimental procedure, the carbamate hydrolysis equilibrium constant of the potassium salt of taurine was also measured at 298 K, and the results are shown in Table 2 . From these results, it is clear that the carbamate of taurine is reasonably stable (comparable in stability to the carbamates of primary amines), but somewhat less stable than the carbamate of MEA. Although the variation in the experimental initial concentrations of the amino acid salt and bicarbonate was limited, there does not seem to be a significant influence of the ionic strength of the solution on the equilibrium constant. However, the range of experimental data is rather limited for definitive conclusions to be made. In Table 3 , K carb,m values for some similar amino acids (with a single primary amino functional group) reported in the literature 23 are given. The experimental measurements were done for very low amino acid concentrations, as in the present study. The values reported by Rochelle et al. 23 for 298 K were estimated (using information on the heat of reaction of the carbamate hydrolysis reaction, -∆H R ) from the original data, which were measured at 291 K. There does not seem to be any clear trend between K carb,m and the basicity of the amine (pK a ). Nevertheless, the stabilities of the carbamates of all amino acids, except R-alanine, are comparable to those of primary alkanolamines. It is a well-established theory that substitution at the R-carbon atom adjacent to the amino group of an amine reduces the stability of the carbamate, resulting in enhanced hydrolysis of the carbamate to bicarbonate/ carbonate. 24 This could explain the relative instability (or high K carb,m value) of the carbamate of R-alanine. Table 4 contains the experimental CO 2 solubility data measured at 298 and 313 K. The experimental measurements were conducted in the range of partial pressures of CO 2 varying between 0.1 and 6.0 kPa, which is the range typically encountered in the removal of CO 2 from flue gas. The experimental VLE data obtained from the present study, as shown in Figure 3 , indicate that the equilibrium absorption capacity of CO 2 in aqueous potassium taurate solutions for a given P CO2 seems to be comparable to that of primary alkanolamines (say, monoethanolamine) of similar concentration. The lower P CO2 over the MEA solution can possibly be explained in terms of the basicity (pK a ) of the amines.
Neglecting R-alanine (for which the amino group is attached to the R-carbon atom, a feature known to affect the stability of the carbamates) in Table 3 , it can be reasonably concluded that the stabilities of the carbamates increase with increasing basicity (pK a ) of the amino acid. Extrapolating the above observation to MEA, which is more basic (pK a ) 9.54) than taurine, one can expect the carbamate of MEA to be more stable than that of taurine. This can also be observed from the experimental values of the carbamate hydrolysis constants for MEA (see Figure 2) . The overall amine-CO 2 VLE can be simplistically represented using eq 13. With an increase in pK a of the amine, K AmA and K carb should decrease, and consequently, K ov should increase. This indicates that the concentration of CO 2 in the liquid phase (or P CO2 ) should decrease. Therefore, for MEA, the equilibrium value of P CO2 for a given acid gas loading can be expected to be lower that that of a corresponding aqueous potassium taurate solution. However, only a limited amount of experimental data is available in the literature for MEA at 298 K, especially for amine concentrations of less than 2500 mol m -3 , and it is difficult to arrive unambiguously at the above conclusion from experimental observations alone.
As mentioned earlier, crystallization was observed in the higher range of P CO2 values for solutions with high amino acid salt concentrations (2 M and above). However, the initial analysis and discussion of the experimental VLE data will be focused on situations where no crystallization occurred; cases involving crystallization will be considered subsequently in section 4.3. The experimental data were regressed with the VLE model to obtain the binary interaction parameters in the extended Debye-Hü ckel expression, as well as K carb .
The experimental values of K carb obtained in the present study are valid only for solutions of low ionic strengths, and therefore, K carb was also used as a fit parameter in the data regression (to study the influence of the amino acid salt concentration or ionic strength on K carb ). As mentioned in section 2.3, in the initial regression of the experimental data, the ij 's were set to zero, and only K carb was used as a fitting parameter. Analysis of the calculated equilibrium concentrations of the nine species in the liquid phase (as predicted by the model) indicated that the change in the ionic strength of the solution for the range of R CO2 values studied in the present work varied between 3 and 6% for different amino acid salt concentrations (see also Figure 4 ). In such a situation, the first term (Debye-Hü ckel) in the extended Debye-Hü ckel expression becomes essentially constant. This means that eq 21 basically reduces to Such remarkable behavior can be understood from arguments based on the asymptotic situations in the absorption of CO 2 in aqueous alkaline salt solutions of amino acids and alkanolamines. In the following discussion, the subscript AmA and AA refer to the amino acid salt and alkanolamine, respectively.
(1) Unlike aqueous alkanolamines (for which the ionic strength is near zero for unloaded solutions), the ionic strength of unloaded aqueous amino acid salt solutions is the molal salt concentration (2) For the asymptotic situation of complete conversion of the amine but negligible hydrolysis of the carbamate, as described by reaction 2, the CO 2 loading of the solution is 0.5 mol of CO 2 per mole of amino acid salt. Then, the ionic strengths of the aqueous amino acid salt and alkanolamine solutions are (3) Assuming complete hydrolysis of the carbamate, the absorption capacity of the amine solutions can reach the theoretical maximum of 1.0 mol of CO 2 per mole of amine as per the following overall reaction for amino acids Therefore, during the absorption of CO 2 in aqueous amino acid salt solutions, the ionic strength changes from the initial amino acid salt concentration ([ -RNH 2 ] 0 ) to the maximum possible value (I max ) of 1.5[ -RNH 2 ] 0 corresponding to asymptotic case 2. For CO 2 loadings larger than 0.5 mol of CO 2 per mole of amino acid salt, the ionic strength decreases with increasing R CO2 and eventually reaches the value of an unloaded solution. In reality, the carbamate hydrolysis becomes significant even at R CO2 values as low as 0.1, and therefore, the actual maximum value is less than the theoretical maximum value (1.5[ -RNH 2 ] 0 ; see also Figure 4 ). This behavior is very different from that of aqueous alkanolamines. Figure 4 shows the ionic strength of a 1.0 M aqueous potassium taurate solution as a function of CO 2 loading. The ionic strength of the solution given in the figure was calculated from the individual species concentrations predicted by the VLE model neglecting the interaction parameters ( ij ).
This indeed shows that the extended Debye-Hü ckel expression (eq 21) essentially reduces to eq 28 for the experimental data obtained in the present work. However, eq 28 loses the thermodynamic soundness of the 
For R CO 2 ) 0,
extended Debye-Hü ckel expression and simply becomes an empirical fitting equation, in which the activity coefficients are related to the molal concentrations of various species in the liquid phase along with a number of associated constants. Now, the choice of the interaction parameters among the seven 's mentioned in section 2.3 becomes rather empirical. Considering the above facts, it was decided to regress the experimental data with a VLE model neglecting the binary interaction parameters in the extended Debye-Hü ckel expression (eq 21). Because the ionic strength does not change significantly for the present experimental data, this simplification makes the model similar to the KentEisenberg model, as the activity coefficient can now be calculated explicitly. As for the Kent-Eisenberg model, the amine deprotonation equilibrium constant (K AmA ) was also made an adjustable fit parameter, given that the experimental data available in the literature are rather old 7 and information about its accuracy is not known. Thus, the final form of the VLE model used contained two fitting parameters, namely, K carb and K AmA . Table 5 are the apparent equilibrium constants (in molal units) obtained by lumping the activity coefficients of the species involved in the reactions (and the activity of water, a w , in the case of K carb m ) with K carb and K AmA , respectively. The amine dissociation constant, K AmA m , is within 35% of the experimental value reported in the literature. The carbamate hydrolysis constant shows a strong dependence on the initial amino acid salt concentration (or ionic strength of the solution). However, such a trend could not be clearly observed from the measured K carb data, which are limited in number and range (see Table  2 ). In fact, the observed dependence of K carb m on the ionic strength seems to be much larger than that for MEA, for which the experimental values are reported as a function of the ionic strength of the solution in section 4.1.
Finally, the most important aspect of a VLE model is the accuracy of its predictions of the experimental data. Figure 5 shows the parity plot for the experimental and predicted values of the partial pressure of CO 2 . The average error in the prediction of P CO2 is 16.5%. Figure  6 shows the parity plot of the predicted and experimentally determined values of the pH's of the loaded potassium taurate solutions at 298 K. The average error in the prediction of the solution pH is 0.54%.
Crystallization in Aqueous Potassium
Taurate Solutions and Its Influence on the Vapor) Liquid Equilibria. Hook 3 reported that the products of the reaction between CO 2 and certain aqueous alkaline salts of amino acids (say, alanine), and especially C R -substituted amino acids (such as 2-methylglycine), undergo crystallization at moderate to high conversions of the amino acid salt. In a recent study, Kumar et al. 4 reported crystallization during the absorption of CO 2 in aqueous potassium taurate solutions as well. Following are some important conclusions made from that investigation:
(1) For aqueous potassium taurate solutions, crystallization of the reaction product occurs even at moderate CO 2 loadings (0.20-0.5 mol of CO 2 per mole of AmA), depending on the total amino acid salt concentration
The crystallizing reaction product is the protonated amine (or zwitterionic form of the amino acid).
(3) There is a clear relationship between the critical CO 2 loading value (R CO2,crit ) at which crystallization of the reaction product occurs and the solubility of the zwitterionic form of taurine.
Here, S is the solubility of the amino acid in the solution, and [ -RNH 2 ] 0 is the total amino acid salt concentration. The inverse relationship between R CO2,crit and [ -RNH 2 ] 0 indicates that the crystallization will occur much earlier (in terms of CO 2 loading) for higher amino acid salt concentrations.
(4) The formation of crystals in the liquid phase appears (semiqualitatively) to reduce the volumetric mass-transfer coefficient (k L a) of the gas-liquid contactor.
The results presented in this section are related to another important aspect of the crystallization phenomenon that was not addressed in the earlier work, i.e., the influence of the crystallization of the reaction product on the vapor-liquid equilibrium of the CO 2 -aqueous potassium taurate system. For equilibriumlimited liquid-phase reactions, the selective removal of a reaction product from the reaction mixture will essentially shift the equilibrium toward the product side. 27 This technique is widely used in industry to enhance the equilibrium conversion of reversible reactions. For the present CO 2 -amino acid salt system as well, crystallization of the reaction product (protonated amine) can be expected to increase the CO 2 absorption capacity of the aqueous amino acid salt solutions for a given partial pressure of CO 2 in the gas phase. Therefore, this phenomenon was also investigated in the present work. Figure 7 shows the experimental CO 2 solubility data for concentrated aqueous potassium taurate solutions (g2 M). For 2 M solutions, crystallization was observed halfway through the range of partial pressures studied in the present work. The remarkable influence of crystallization on the equilibrium CO 2 absorption capacity of the salt solution can be clearly observed from the dramatic decrease in the slope of the experimental data. However, for 3 and 4 M solutions, crystallization was observed even for partial pressures of CO 2 as low as 0.1 kPa. This was expected because the critical CO 2 loading values (R crit,CO2 ) measured in an earlier work 4 were approximately 0.30 and 0.17 mol of CO 2 per mole of amino acid salt for 3 and 4 M salt solutions, respectively. The equilibrium partial pressures of CO 2 (P CO2 ) for the 3 and 4 M salt solutions (and for a given value of CO 2 loading) are less than that for a 2 M amino acid salt solution. To understand the magnitude of the influence of crystallization on the CO 2 absorption capacity of 3 and 4 M potassium taurate solutions, the VLE model developed earlier was used to predict the hypothetical partial pressure of CO 2 for a 3 M aqueous potassium taurate solution assuming tht no crystallization occurred. In the model, the value of K AmA m reported in Table 5 was used, whereas the K carb m values obtained for solutions of lower amino acid salt concentrations were linearly extrapolated. For a given value of R CO2 , the equilibrium vapor pressure of CO 2 predicted by the model that would have occurred in the absence of crystallization is more than an order of magnitude higher than the experimental values of P CO2 measured with crystallization in the loaded solution. This is a significant improvement in the capacity of the acid-gastreating process, although it entails some negative implications associated with the handling of slurries in gas-liquid contactors. It should be noted, however, that the present equilibrium model can be extended to a situation in which the protonated amine is allowed to crystallize in the solution. In that case, the mole balance for the amine in the liquid phase (eq 18) becomes redundant, as the protonated amine ([ -RNH 3 + ]) crystallizes and the concentration of the protonated amine becomes equal to the solubility of the amino acid in a saturated aqueous salt solution. As the amount of reliable experimental data for conditions where crystallization occurs is limited in the present work, such a model extension is not presented here.
Conclusions
The solubility of CO 2 in aqueous potassium taurate solutions was measured at 298 and 313 K for the range of CO 2 partial pressure between 0.1 and 6.0 kPa. In the present work, the Deshmukh-Mather model, which is based on the extended Debye-Hü ckel theory, was used to describe the experimental VLE data of aqueous alkaline salt solutions of amino acids. Despite the fact that aqueous alkanolamines and amino acid salt solutions undergo similar reactions with CO 2 in the liquid phase (formation of carbamate and subsequent hydrolysis of the carbamate to bicarbonate or carbonate), the thermodynamic characteristics of the two solutions differ significantly. This is due to the difference in the ionic charges associated with the reactants and reaction products. In the range of partial pressures of CO 2 covered by the present experimental measurements, the change in the ionic strength of the loaded amino acid salt solution was found to be insignificant. Therefore, the Debye-Hü ckel term in the extended Debye-Hü ckel expression became essentially constant for the conditions studied, and the expression for the activity coefficient became an empirical fitting equation consisting of various interaction parameters. Consequently, the interaction parameters in the extended Debye-Hü ckel were neglected, and the resulting model was used to describe the experimental data. The accuracy of the predictions of the VLE model with reference to the experimental solubility data was reasonably good, and the fitting parameters, namely, the amine deprotonation constant and the carbamate hydrolysis equilibrium constant, are in agreement with the experimental values measured independently in the present study. The equilibrium constant of the carbamate hydrolysis reaction is an important fit parameter in the VLE model. This parameter was also experimentally measured for aqueous monoethanolamine and potassium taurate solutions at 298 K. For monoethanolamine, the equilibrium constant was found to show a strong dependence on the ionic strength of the solution. For low ionic strengths, the experimental values were in good agreement with the values reported in the literature. Similarly, for potassium taurate, the experimental carbamate hydrolysis constant was found to be comparable to the data available in the literature for similar amino acids such as glycine and alanine.
During the absorption of CO 2 in aqueous potassium taurate solutions, crystallization of the reaction products was observed, especially for concentrated solutions. For a given partial pressure of CO 2 in the gas phase, crystallization was found to increase the equilibrium CO 2 absorption capacity of the potassium taurate solutions markedly.
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Nomenclature a ) ionic size in eq 21, Å A ) Debye-Hü ckel limiting slope a w ) activity of water, dimensionless B ) constant in eq 21 C s ) concentration of amino acid salt, mol m -3 F i ) relative error of the ith measurement, dimensionless h i ) anion-specific constant, m 3 mol -1 h G ) gas-specific constant, m 3 mol -1 I ) ionic strength, mol kg -1 K ) equilibrium constant, various units (but based on concentrations measured in mol/kg) K s ) Sechenov constant, m 3 mol -1 m ) physical solubility, ([CO 2 ] liq /[CO 2 ] gas ) eq , dimensionless P ) partial pressure, kPa P w sat ) saturation pressure of water, kPa R ) universal gas constant, J mol -1 K -1 S ) solubility of the amino acid, mol kg -1 T ) absolute temperature, K z ) valency of the ion, dimensionless 
